Introduction
============

Hepatosteatosis describes the abnormal buildup of fat within the hepatic cells in the absence of alcohol consumption. It results from an imbalance between uptake, oxidation and transport of fat and may be associated with metabolic dysfunction, obesity and dyslipidemia. Hepatosteatosis may develop into progressive hepatic inflammation (steatohepatitis), fibrosis or cirrhosis ([@b1-etm-0-0-6563],[@b2-etm-0-0-6563]).

The prevalence of hepatosteatosis is increasing globally and it is one of the most common diseases of the liver ([@b3-etm-0-0-6563],[@b4-etm-0-0-6563]). Hepatosteatosis is associated with metabolic syndrome, high alcohol consumption, a poor diet and obesity ([@b1-etm-0-0-6563],[@b5-etm-0-0-6563],[@b6-etm-0-0-6563]). The symptoms of hepatosteatosis are often nonspecific, which makes them easy to miss and means that hepatosteatosis can be difficult to diagnose ([@b7-etm-0-0-6563]). Elevated liver transaminase levels may be a useful diagnostic marker if present, however they often remain within a normal range ([@b8-etm-0-0-6563]).

Hepatosteatosis may develop into hepatic cirrhosis or hepatocellular carcinoma and may cause the mortality of elderly patients ([@b9-etm-0-0-6563]). At present the primary method of treating hepatosteatosis/non-alcoholic steatohepatitis (NASH) is adopting a healthy lifestyle, for example, by partaking in regular exercise. However, lifestyle changes are often hard to implement and patients with non-alcoholic fatty liver disease (NAFLD) often have difficulty maintaining an improved lifestyle; therefore, it has been suggested that such patients should be prescribed pharmacological therapy ([@b10-etm-0-0-6563]).

NAFLDs cover a spectrum of liver conditions extending from simple steatosis, severe steatosis to NASH and can be complicated by fibrosis, cirrhosis, end-period liver failure and hepatocellular carcinoma ([@b3-etm-0-0-6563],[@b4-etm-0-0-6563]). In a majority of cases simple steatosis does not affect the overall survival, while severe steatosis, without inflammation, may affect metabolic function. NASH, an inflammatory disorder, has been associated with increased mortality ([@b1-etm-0-0-6563],[@b7-etm-0-0-6563]). NASH includes steatosis, inflammation and hepatocyte ballooning with or without fibrosis ([@b1-etm-0-0-6563],[@b7-etm-0-0-6563]).

Hepatosteatosis increases the risk of cardiovascular disease (CVD) and metabolic syndrome ([@b11-etm-0-0-6563]). The primary indicator of hepatosteatosis is dyslipidemia, which is characterized by low high-density lipoprotein (HDL) levels, hypertriglyceridemia and a high level of low-density lipoprotein (LDL) ([@b12-etm-0-0-6563]). Currently thiazolidinedione (TZD), which improves blood lipid profiles, glucose levels and insulin sensitivity is the therapy of choice for type 2 diabetes mellitus (T2DM) ([@b13-etm-0-0-6563]). TZD is a member of the peroxisome proliferator-activated receptor-γ agonists family (PPARγ), which has been used in clinical trials, either alone or in combination with oral antidiabetic medication to treat patients with T2DM ([@b14-etm-0-0-6563]).

The molecular, enzymatic and hormonal changes associated with hepatosteatosis and other similar disorders remain unknown. In addition, the method of pathogenesis of hepatosteatosis has not yet been adequately described, although inflammatory cytokines, oxidative stress, leptin and insulin resistance are considered to be significant during its development ([@b2-etm-0-0-6563]). At present, TZD, an insulin sensitizer and vitamin E, an antioxidant, in combination with lipid-depressing medications are the most promising therapeutic strategies to treat patients with hepatosteatosis/NASH ([@b15-etm-0-0-6563]). TZD is used to treat hyperglycemia, insulin resistance and T2DM, however its mechanism of action against hepatosteatosis remains unclear. It has been reported that 30--45 mg TZD (commercial name, pioglitazone) significantly improves insulin sensitivity, glycated hemoglobin levels and the lipid profile of patients with T2DM that have abnormal glycemic regulation and slight dyslipidemia ([@b16-etm-0-0-6563]).

The administration of pioglitazone, which is a type of TZD, has various effects; it increases fat deposition in several types of muscle, perirenal and brown adipose tissue but decreases fat accumulation in hepatic tissue ([@b17-etm-0-0-6563]). In adipose tissue, increased fat deposition is associated with lipoprotein lipase (LPL) activity, however this is not the case in the muscles ([@b18-etm-0-0-6563]). Therefore, further investigations into the association between TZD and LPL activity is required.

It has been demonstrated that mice lacking stearoyl-CoA desaturase (SCD-1) exhibit increased lipid oxidation due to the upregulated expression of acyl-CoA oxidase and very long-chain acyl-CoA dehydrogenase and the downregulation of lipid synthesis ([@b19-etm-0-0-6563]). In addition, SCD-1 is involved in the metabolic response to leptin, a hormone of the fat metabolism, upregulates constituents of insulin signaling and affects the metabolism of glycogen ([@b20-etm-0-0-6563]). SCD-1 therefore appears to serve a key role in metabolic control and the regulation of its activity may be beneficial in the treatment of hepatosteatosis, obesity, T2DM, cardiovascular disorders and other metabolic illnesses.

It was therefore hypothesized that the expression of SCD-1 promotes lipogenesis and inhibits lipid oxidation, which may induce the accumulation of fat in those consuming a high-calorie diet and potentially lead to hepatosteatosis. High-carbohydrate foods enhance *de novo* lipogenesis ([@b21-etm-0-0-6563]); however the effect of TZD on LPL and SCD-1 remains unclear. Previous studies have investigated the association between TZD and lipids; however, the results of such studies are contradictory and the effect on serum triglycerides (TGs) and total cholesterol (TC) and their role exacerbating hepatosteatosis remain unclear ([@b14-etm-0-0-6563],[@b22-etm-0-0-6563],[@b23-etm-0-0-6563]). Furthermore, the results of studies investigating the role of TZD in the hormonal and enzymatic control of lipid metabolism are varied and sometimes controversial ([@b23-etm-0-0-6563]--[@b27-etm-0-0-6563]). Therefore the present study aimed to explore the lipid metabolism and hormonal regulation associated with hepatosteatosis. In addition, the role of TZD and the possible molecular mechanisms of hepatosteatosis therapy were investigated, as well as the potential connection between hepatosteatosis and SCD-1.

Materials and methods
=====================

### Experimental animals

A total of 60 male 6 week-old albino rats, weighing 80--90 g, were obtained from the Institute for Research and Medical Consultation (IRMC; Imam Abdulrahman Bin Faisal University, Dammam, Saudi Arabia). Animals were kept for 1 week prior to the start of the experiment. The rats were kept separately in elastic pens at a temperature of 22±3°C, humidity of 40--60% and a 12-h light/dark cycle in the animal house of the IRMC laboratories. All rats had *ad libitum* access to food and water.

### Diet

Two different types of diet were provided to the rats, either a normal rat chow diet or a high-fat, high-carbohydrate diet (HFCD; Enterprise Grain Company, Kremlin, OK, USA). Normal rat chow pellets were composed of protein ration (whey protein, soya bean and meat), corn, calcium phosphate, calcium carbonate, magnesium oxide, sodium chloride and vitamins. The standard rat food was composed of 60% carbohydrates, 8% fat, 22% basic protein, 10% dietary fiber, vitamins and minerals. The HFCD contained 65% carbohydrates, 15% crude protein, 15% fat \[palmitate and stearate saturated fatty acids (SFAs)\] and 5% dietary fiber, vitamins and minerals. The HFCD was used to develop the rat model of experimental hepatosteatosis and was consistent with the formula used previously by Al-Muzafar and Amin ([@b28-etm-0-0-6563]).

### Chemicals

TZD (pioglitazone hydrogen chloride) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA; cat. no. TX75220). This was the only type of TZD used in the present study. A total of 70 mg TZD powder was dissolved in 20 ml distilled water and each rat received 1 ml per oral administration (os) per day at a dose of 17.5 mg/kg body weight for 4 weeks.

### Assay kits

Colorimetric assay kits obtained from HUMAN Gesellschaft für Biochemica und Diagnostica mbH (Wiesbaden, Germany) were used to assess the serum of rats and determine their lipid profile (TGs, TC, LDL and HDL) and liver function \[alanine transaminase (ALT), albumin and bilirubin\]. TGs were measured by GPO-PAP method, enzymatic colorimetric test for TG with lipid clearing factor (cat. no. 10724 kit). TC was determined by CHOD-PAP method, enzymatic colorimetric test for cholesterol with lipid clearing factor (cat. no. 10028 kit). LDL was determined by direct homogenous enzymatic colorimetric test (cat. no. 10294). HDL measured using, liquicolor direct homogenous enzymatic test (cat. no. 10284). ALT analyzed by IFCC mod. liquiUV (cat. no. 12022). Albumin was determined by BCG-method, photometric colorimetric test (cat. no. 10560). Bilirubin measured by bilirubin Direct/total liquicolor (cat. no. 10740). LDH evaluated by LDH SCE mod. liquiUV (cat. no. 12024). Lipid hormones, leptin and resistin were measured using ELISA kits from Bertin Bioreagent (cat. nos. A051760 and A05179; Montigny le Bretonneux, France). SCD-1 was measured using an ELISA kit (cat. no. MBS923022) obtained from MyBiosource, Inc. (San Diego, CA, USA).

Serum LPL activity was measured using an assay kit (cat. no. 700640) purchased from Cayman Chemical Company (Ann Arbor, MI, USA). The assay used fluorescence to identify serum LPL activity by converting arachidonoyl-1-thioglycerol into thioglycerol and arachidonic acid. The thioglycerol then reacted with the thiol-fluorometric indicator to provide a fluorescent compound, which was measured at 380--390 (excitation) and 510--520 nm (emission).

### Experimental design and animal grouping

The 60 male rats were randomly allocated into 3 groups (n=20/group). The first group was administered a standard chow diet throughout the study period (16 weeks). The second group (positive control) was fed HFCD for 16 weeks to induce hepatosteatosis and the third group was fed HFCD and received treatment with TZD (17.5 mg/kg per os) daily between weeks 12 and 16. TZD was administered daily at 8:00 a.m. in a volume equal to 5 ml/kg at a dose of 17.5 mg/kg. Rats of the TZD-untreated groups received equal volumes (1 ml) distilled water daily at the same time. The total experiment period was 16 weeks, which was divided into the hepatosteatosis induction period (weeks 1--12) and the therapy period (weeks 13--16). Rats were weighed each week, body weights were recorded and weight gains were calculated.

### Blood and tissue sampling

Under anesthesia with diethyl ether, blood was collected from the medial canthus of the eye of all rats following overnight fasting at the end of week 16 by using a microhematocrit capillary tube and stored in dry glass centrifuge tubes. The blood was stored at 24±3°C and permitted to coagulate. Samples were centrifuged at 1,400 × g for 20 min at a temperature 20°C and the clear supernatant serum were stored at −80°C prior to further biochemical analysis. Immediately after blood sampling, the rats were sacrificed by decapitation while still under anesthesia. Part of the liver was extracted, washed with saline and fixed in 10% formalin at 25°C and for 48 h. The tissue samples were embedded in paraffin and cut using a rotary microtome into 3-µm-thick sections and transferred to slides prior to hematoxylin and eosin staining for histopathological analysis.

### Histopathological examinations

Tissue samples underwent hematoxylin and eosin staining. Sections (3 µm) were incubated in xylene for 5 min at 37°C followed by 10×10 sec absolute alcohol and running water for 1 min at 22--25°C. Sections were incubated with Harris\' Hematoxylin for 9 min at 35°C and washed with water for 2 min at 22--25°C. Differentiation was achieved using 1% acid alcohol (2×10 sec), followed by 30 sec in 0.2% ammonia water and running water for 1 min at 22--25°C. Prior to microscopic examination, eosin solution was added for 2 min and sections were washed with water for 1--5 min. and dehydrated in absolute alcohol (10×10 sec) at room temperature. The nucleus was stained blue and the cytoplasm appeared pink. A light microscope was used to inspect the structure and characteristics of hepatic cells, whether fat globules or inflammation were present and whether the hepatocytes had undergone any degenerative alterations. The histological grading system for hepatosteatosis, NAFLD activity score, was used to assess the samples at low (×40) and high (×100) magnification ([@b29-etm-0-0-6563]). The presence of minor/moderate fat droplets, micro- and macrovesicular hepatosteatosis, hepatolobular inflammation and the presence of inflammatory cells were recorded and used to determine the hepatosteatosis score, as previously described ([@b28-etm-0-0-6563],[@b29-etm-0-0-6563]).

### Statistical analysis

The results were analyzed by one-way analysis of variance followed by Tukey-Kramer post-hoc analysis. The data are presented as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference. Statistical examination was performed using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA).

Results
=======

### HFCD increases body weight and liver function markers

The mean body weight gain was significantly increased in the HFCD group compared with the normal group (P\<0.05; [Fig. 1](#f1-etm-0-0-6563){ref-type="fig"}). A significant elevation in the serum total bilirubin and direct bilirubin levels, in addition to LDH and ALT activities as liver function markers was observed in the HFCD group compared with the control (P\<0.05; [Table I](#tI-etm-0-0-6563){ref-type="table"} and [Fig. 2](#f2-etm-0-0-6563){ref-type="fig"}). The increased levels of bilirubin and ALT activity indicated injuries to the hepatocytes however these changes were ameliorated by the administration of TZD. No significant changes in albumin between the different groups were observed.

### HFCD affects the blood lipid profile of rats

A significant increase in serum TG, TC and LDL was observed in the HFCD group compared with the normal group (P\<0.01; [Fig. 3A-C](#f3-etm-0-0-6563){ref-type="fig"}), whereas there was a significant decrease in serum HDL (P\<0.01; [Fig. 3D](#f3-etm-0-0-6563){ref-type="fig"}). Treatment with TZD significantly reversed these changes ([Fig. 3](#f3-etm-0-0-6563){ref-type="fig"}).

### HFCD increases the level of adipose tissue hormones

A significant increase was observed in the level of leptin ([Fig. 4A](#f4-etm-0-0-6563){ref-type="fig"}) and resistin ([Fig. 4B](#f4-etm-0-0-6563){ref-type="fig"}) in the serum of the HFCD group compared with the normal group (P\<0.05), these changes indicated increased fat accumulation and the development of hepatosteatosis. However, TZD administration recovered the levels of these hormones to similar levels as the normal group.

### HFCD leads to an increase in the steatosis score

The steatosis score of the normal group was 0 for 85% of cases and 1 for 10% of cases, whereas the HFCD group steatosis score was 1 for 65% of cases and 2 for 30% of cases ([Table II](#tII-etm-0-0-6563){ref-type="table"}). This indicates that the steatosis scores were markedly increased in the HFCD group compared with the normal group. The HFCD+TZD group steatosis scores were 0 for 60% of cases and 1 for 35% of cases. These results indicate that the administration of TZD markedly reduced the steatosis scores to similar levels as the normal group.

### TZD treatment ameliorates the increase in lipid metabolic enzymes caused by HFCD

A notable elevation in the level of SCD-1 was observed in the HFCD group compared with the normal group ([Table III](#tIII-etm-0-0-6563){ref-type="table"}) and this was further significantly increased by treatment with TZD. In addition, LPL activity was notably increased in the HFCD group compared with the normal group, however the addition of TZD significantly reversed this increase to a lower level than the normal group.

### Treatment with TZD restores normal pathology following a HFCD

Histopathological examination was performed following the administration of a normal, HFCD or TZD+HFCD diet. Ordinary histological configuration (non-visible micro and macrovesicular hepatosteatosis) was observed in the hepatocytes from the normal group ([Fig. 5A](#f5-etm-0-0-6563){ref-type="fig"}). However, in the HFCD group several fat droplets, minor to moderate micro and macrovesicular hepatosteatosis, degenerative alterations and focal inflammation were observed in the periportal area of the liver ([Fig. 5B](#f5-etm-0-0-6563){ref-type="fig"}). In the HCFD+TZD group, hepatocytes with an ordinary structure were observed ([Fig. 5C](#f5-etm-0-0-6563){ref-type="fig"}), indicating that treatment with TZD restored the pathology of the hepatocytes to normal.

Discussion
==========

The present study revealed that the lipid profile was disrupted and the liver function was impaired in the HFCD group compared with the normal group; the enzymatic control of lipid metabolism (SCD-1 and LPL) was also elevated. In addition, hormones associated with lipid accumulation including, leptin and resistin were increased in the HFCD group compared with the normal group. These results indicate that a variety of biochemical markers are involved in hepatosteatosis pathogenesis.

At present, a complex hypothesis suggests that multiple parallel factors are involved in hepatosteatosis development, these factors include: Obesity; adipose tissue hormones; nutritional factors; gut microbiota; metabolic syndrome, including dyslipidemia, visceral adiposity, increased lipolysis, decreased lipogenesis, hypertriglyceridemia, hyperglycemia, insulin resistance, high BMI and T2DM; age and genetic factors ([@b30-etm-0-0-6563],[@b31-etm-0-0-6563]). However, the primary regulator has yet to be identified. The present study demonstrated that HFCD leads to elevation of the lipid profile (TG and TC) and an increased incidence of metabolic disturbances, which is considered to be a leading cause of hepatosteatosis that may advance to prolonged hepatic disease and hepatic fibrosis ([@b32-etm-0-0-6563]). This may ultimately result in hepatocellular tumors and hepatic-associated mortality ([@b33-etm-0-0-6563]).

Chemotherapy is considered an important treatment option as patients suffering from obesity with hepatosteatosis often have difficulty maintaining an improved lifestyle and diet modifications ([@b34-etm-0-0-6563]). At present, the biochemical and pathological progress of hepatosteatosis and steatohepatitis has not been fully explained. However, lipid metabolism, hormonal and enzymatic regulation, inflammatory markers and oxidative stress are considered to be significant in the initiation and progress of the disorder ([@b30-etm-0-0-6563]--[@b32-etm-0-0-6563]). The present study indicated that hepatosteatosis may be associated with moderate to mild lobular infiltration by fat globules, since elevated liver indexes of serum ALT, LDH and bilirubin and an increased lipid profile were observed compared with the control group. The administration of TZD recovered hepatic function in accordance with a previous study by Mazzotti *et al* ([@b35-etm-0-0-6563]).

In the present study, TZD resulted in a significantly decreased serum TG level compared with the HFCD group. These results are in agreement with those of Abd El-Haleim *et al* ([@b36-etm-0-0-6563]) and also indicate that treatment with TZD has a significant role on the serum lipid profile, as suggested by Wang *et al* ([@b37-etm-0-0-6563]). However, it has been previously reported that TZD administration may lead to deteriorating microvesicular steatosis and raised hepatic TG levels, through decreasing blood TG and free fatty acid ([@b23-etm-0-0-6563]). He *et al* ([@b38-etm-0-0-6563]) reported that treatment with TZD had no significant influence on the body mass index, body fat percentage or serum TG and TC levels.

The authors suggest that in the present study, serum TG increased in the HFCD group and accumulated in the liver, while TZD mobilized fat from the hepatic cells for β-oxidation and caused normal fat deposition/lipogenesis, which led to a return of the serum TG to normal levels. In addition, TZD as an insulin sensitizer serves a major role in returning postprandial lipemia to regular physiological levels and correcting fasting hypertriglyceridemia; thereby protecting against hepatosteatosis and atherogenic risk in T2DM ([@b39-etm-0-0-6563]). TZD therapy has a favorable effect on numerous lipid types, leading to decreases in TG, TC and LDL serum levels and an increase in HDL levels ([@b40-etm-0-0-6563]).

The present study revealed a significantly decreased serum cholesterol level in the TZD group compared with the HFCD group, which has also been reported in a number of previous studies ([@b40-etm-0-0-6563],[@b41-etm-0-0-6563]). TZD reduces cholesterol by lowering the key enzyme in cholesterol biosynthesis hydroxymethylglutaryl-CoA reductase mRNA levels and decreasing the intracellular content of cholesterol, which indicates a change in the uptake of cholesterol as well as the inhibition of cholesterol biosynthesis ([@b42-etm-0-0-6563]). The results of the present study supported this theory as the activity of hepatic LPL was inhibited and the uptake of HDL cholesterol was reduced leading to increase in HDL level in the TZD group. TZD may function as link between lipid and carbohydrate pathways acting as activator for adenosine monophosphate-activated protein kinase, inducing an activation of fatty acid oxidation and decreasing in TG synthesis associated with a state of cellular energy change ([@b43-etm-0-0-6563],[@b44-etm-0-0-6563]). In summary, TZD exhibited a direct effect on the liver and confirming these findings in humans may clarify the significant progresses in blood lipids that detected with TZD treatment in diabetic patients ([@b42-etm-0-0-6563]).

At present, TZD as an insulin sensitizer and vitamin E as an antioxidant are the most favorable treatment options for NAFLD and NASH as fat-lowering medications ([@b15-etm-0-0-6563]). Each has an optimal result on aminotransferase, inflammation and fat accumulation. Vitamin E may recover normal histology in hepatosteatosis but safety issues limit its use ([@b15-etm-0-0-6563],[@b45-etm-0-0-6563]). However, other medications, including ursodeoxycholic acid, statins, metformin, orlistat and pentoxifylline only have moderately positive results ([@b6-etm-0-0-6563],[@b10-etm-0-0-6563],[@b15-etm-0-0-6563]).

The current study reported that hormones and enzymes regulating lipid metabolism serve a role in the pathogenesis and progression of hepatosteatosis in rats and that TZD may act as a modifier of the lipid profile, hormones and enzymatic control for lipid metabolism for the prevention and treatment of fatty liver induced by a HFCD. This result is supported by Xu *et al* ([@b5-etm-0-0-6563]) who used TZD at 4 mg for 8 weeks in HFCD rats. TZD may mitigate insulin resistance as well as histological injury and biochemical markers in high fat-induced fatty livers in rats as reported by Mohan *et al* ([@b46-etm-0-0-6563]) and Peng *et al* ([@b23-etm-0-0-6563]).

The present study revealed a significantly elevated resistin level in the HFCD group, while the administration of TZD reversed this increase. The resistin hormone (resistance to insulin) was initially identified in mice in 2001 and was named for its capacity to interfere with insulin action ([@b47-etm-0-0-6563]). Resistin was originally defined as an adipocyte-specific hormone and it has been suggested as a link between obesity, insulin resistance, diabetes and NAFLD ([@b48-etm-0-0-6563]).

Novel pharmacological agents that decrease the level of resistin have been identified, which prevent the adverse effect of resistin on the lipid metabolism and provide a therapeutic strategy for the treatment of hepatic injuries ([@b49-etm-0-0-6563],[@b50-etm-0-0-6563]). The mechanism of action of TZD against lipid metabolism is considered to be through decreasing resistin, which reduces any interference with the action of insulin and stimulates lipogenesis. The reducing effect of TZD in blood resistin was associated with the reduction in liver fat content and improvement in sensitivity of insulin ([@b51-etm-0-0-6563]). In addition TZD attenuates insulin resistance through adiponectin-dependent and -independent signaling pathways ([@b49-etm-0-0-6563],[@b50-etm-0-0-6563]). The use of TZD to control leptin and liver enzymes represents a novel approach for hepatosteatosis therapy as presented in the current study.

The present study revealed that serum leptin was significantly increased in the HFCD group compared with the normal group. The recognition of the leptin hormone provided a molecular association to obesity and NAFLD similar to effect observed for resistin. Leptin regulates energy homeostasis and is known as the essential mediator within the endocrine system ([@b52-etm-0-0-6563]). The data demonstrating increases in serum leptin levels agree with previous findings ([@b53-etm-0-0-6563]--[@b55-etm-0-0-6563]). Administration of leptin resulted in elevated energy expenditure, hypophagia and loss of weight, whereas leptin deficiency exhibited decreased energy expenditure, hyperphagia and neuroendocrine axis suppression ([@b54-etm-0-0-6563],[@b55-etm-0-0-6563]). The majority of obese individuals and those with NAFLD are leptin resistant, which presents as high serum leptin levels without controlling energy hemostasis ([@b56-etm-0-0-6563]). However Canbakan *et al* ([@b57-etm-0-0-6563]) reported that leptin levels were elevated in NAFLD and exhibited a preventive effect of leptin against progressive liver damage Further understanding of the molecular mechanisms of the leptin signaling pathway is required to improve the therapeutic options for hepatosteatosis and metabolic syndrome. In the normal rat group, the effects of leptin may be due to its anorectic role and facilitate specific metabolic responses, comprising effective depletion of triacylglycerol from hepatic and other peripheral tissues thereby maintaining healthy liver tissue ([@b58-etm-0-0-6563]).

Leptin is a lipid metabolic hormone that regulates energy homeostasis and is considered as the principal mediator in the negative feedback loop ([@b52-etm-0-0-6563]). In addition, leptin depletes fat from hepatic and other peripheral tissues under normal conditions ([@b52-etm-0-0-6563],[@b59-etm-0-0-6563]). In the current study, HFCD induced elevated leptin and resistin levels, associated with insulin-resistance, and a non-significant elevation in SCD. SCD levels were not sufficient to induce significant conversion of SFA to mono unsaturated fatty acids (MUSFA), causing elevated TGs, accumulation of fat globules in the hepatocytes and the development of hepatosteatosis. However, STZ reverted these changes by decreasing leptin and resistin levels and inducing a significant increase in SCD-1, consequently mobilizing fat from the liver.

During the development of hepatosteatosis, hypertriglyceridemia raises the free fatty acids (FFA) in the blood, which induces insulin resistance; this frequently occurs in obese patients ([@b38-etm-0-0-6563],[@b39-etm-0-0-6563]). The pharmacological basis for the effects of TZD depends on its ability to reduce hypertriglyceridemia and serum FFAs by inhibition of lipolysis and enhancing oxidation, re-esterification and uptake from the blood and hepatic cells ([@b60-etm-0-0-6563]). The present study investigated whether TZDs regulate lipolysis (the process of monitoring the hydrolysis of TG and efflux of FFA to the blood stream). Inhibition of FFA efflux and lipolysis in the HFCD+TZD group may describe the underlying mechanism for hepatosteatosis treatment by TZDs. He *et al* ([@b60-etm-0-0-6563]) proposed that TZD stimulated Akt signaling to lower the cyclic adenosine monophosphate (cAMP) level and thereby decrease the activity of LPL, consequently preventing lipolysis and resulting in reduced hypertriglyceridemia. In the current study, the response of hepatosteatosis to TZD therapy was associated with inhibiting LPL activity; therefore, TZD treatment may have potentially beneficial properties for the blood lipid profile (TG, TC and LDL).

In recent years the frequency of metabolic syndrome has increased and it is typically linked with hepatosteatosis, particularly diabetes, hypertension and cardiovascular disease ([@b61-etm-0-0-6563]). The results of the present study demonstrated that serum leptin and SCD-1 concentration increased in the HFCD group compared with the control group. SCD-1 is a vital metabolic regulator for body weight and is considered as the rate-limiting lipogenic enzyme catalyzing the anabolism of MUSFAs) ([@b20-etm-0-0-6563],[@b62-etm-0-0-6563]), primarily palmitoleate (C16:1) and oleate (C18:1), which describe the majority of fatty acids in TGs, esters, phospholipids and cholesterol esters ([@b20-etm-0-0-6563]). In addition, SCD-1 is predominantly located in the endoplasmic reticulum, where it undergoes a quick turnover in response to diverse hormonal and nutritional signals ([@b63-etm-0-0-6563]).

Chong *et al* ([@b64-etm-0-0-6563]) reported that activation of SCD-1 and *de novo* lipogenesis in hepatic and adipose tissue was initiated after high carbohydrate feeding for a short period (3 days). The enzymatic activity of SCD-1 was raised \>7-fold in livers of non-treated *ob/ob* mice compared with the wild-type ([@b65-etm-0-0-6563]). Concentrations of hepatic MUSFAs (C16:1 and C18:1), which are SCD-1 products, were increased in *ob/ob* mice and normalized by treatment with leptin for 12 days ([@b65-etm-0-0-6563]). Changes in SCD-1 levels in obese mice decreased body adiposity and increased energy expenditure and insulin sensitivity and induced resistance to a obesity induced by diet ([@b66-etm-0-0-6563]). Elevated levels of SCD-1 have further been established in insulin-resistant animals and humans ([@b67-etm-0-0-6563]), which are conditions associated with hepatosteatosis.

The present study suggests that non-significant increases of SCD-1 compared with normal levels affected the MUFA/SFA ratio by increasing lipid profile, high lipogenesis and inducing of steatosis. In addition, palmitate, contained in HFCD, may induce lipogenesis by activating X-Box binding protein-1-mediated endoplasmic reticulum stress, demonstrated by the increase in steatosis score ≥2, associated with blood palmitate ([@b68-etm-0-0-6563],[@b69-etm-0-0-6563]). In the normal rat group, the physiological level of SCD-1 maintained a balanced ratio of MUSFA/SFA to keep the hepatic tissue healthy without fat accumulation. However, in the HFCD group the activity of SCD-1 did not significantly alter and subsequent changes in MUSFA may not meet the threshold target for observing further effects. TZD therapy may elevate the activity of SCD-1 and maintain threshold levels of MUSFA to treat NAFLD.

In recent years, evidence has indicated that SCD-1 overexpression is associated with liver fibrosis and hepatocellular carcinoma ([@b68-etm-0-0-6563],[@b70-etm-0-0-6563]). In addition, a high fructose diet prolonged hepatic SCD-1 activation and promoted TG accumulation and steatosis ([@b71-etm-0-0-6563],[@b72-etm-0-0-6563]). It has also been determined that elevated SCD-1 is associated with obesity ([@b73-etm-0-0-6563]). However, other studies have identified no significant correlation between muscle or adipose SCD-1 mRNA and insulin sensitivity or body mass index ([@b24-etm-0-0-6563]).

In downregulated SCD-1 mice a number of genes associated with lipid synthesis are downregulated, whereas genes associated with lipid oxidation are upregulated ([@b25-etm-0-0-6563]). This suggests that a consequence of reduced SCD-1 is the activation of fat oxidation and decreased triacylglycol biosynthesis loading and storage ([@b25-etm-0-0-6563]). Consistent with this observation, a lower SCD-1 index protects against diet-induced obesity ([@b53-etm-0-0-6563]), which appears to be consistent with the level of the normal group compared with the HFCD and TZD groups in the present study.

The non-significant notable elevated SCD-1 observed in the HFCD group compared with the normal group may be due to the conversion of SFA into unsaturated (U)SFA, which is important for the clearance of solid fat by conversion into miscible fatty acids. The activity of SCD-1 prevents the accumulation of palmitate via the conversion into USFA ([@b19-etm-0-0-6563],[@b74-etm-0-0-6563]). The authors suggest that when the SFA/MUSFA ratio is increased, it favors the saturated type. As the fatty component of HFCD was primarily composed of palmitate and stearate SFA, it resulted in the accumulation of TG in hepatic tissues. The ratio of SFA to MUSFA also affects the composition of phospholipids ([@b19-etm-0-0-6563]). In addition, variation in this ratio has been involved in several disease states involving obesity, cardiovascular disease, diabetes, neurological illness and cancer. Therefore SCD-1 expression is of physiological importance in disease and normal conditions ([@b19-etm-0-0-6563]). The high leptin and SCD-1 levels observed in HFCD group of the current study may link to protection against steatosis in response to HFCD or induction of steatosis and the development of steatosis. Furthermore, the occurrence of leptin-resistance in HFCD or obese cases may affect the results.

Elevated hepatic *de novo* lipogenesis due to dietary sugar is involved in the pathophysiology of hepatosteatosis ([@b75-etm-0-0-6563],[@b76-etm-0-0-6563]). SFA are the end product of *de novo* lipogenesis and perform lipotoxic roles that stimulate the accumulation of fat in the liver. Desaturation of these SFA by SCD-1 can avoid these harmful effects ([@b74-etm-0-0-6563]). *De novo* lipogenesis is associated with hepatosteatosis with a nutritional status rich in monosaccharides and it is proposed that individual hepatic SCD-1 activity is negatively correlated with hepatic lipid aggregation under lipogenic nutritional situations ([@b77-etm-0-0-6563]). The current study indicated that SCD-1 may be an essential factor in the pathogenesis of HFCD induced steatosis.

TZD may control SCD-1, which catalyzes a rate-regulating step in the synthesis of unsaturated oleic acid, by catalyzing the desaturation of stearic acid ([@b20-etm-0-0-6563]). The ratio of stearic to oleic acid is associated with the control of cell growth and differentiation via effects on signal transduction and cell membrane flexibility ([@b18-etm-0-0-6563],[@b24-etm-0-0-6563]).

A previous study reported that SCD-1 was activated in hepatosteatosis and consequently its suppression was a potential treatment option ([@b78-etm-0-0-6563]). SCD-1 deficiency and its inhibitor were considered important for the prevention of steatosis and other metabolic diseases ([@b79-etm-0-0-6563]). The present study investigated the treatment of hepatosteatosis with TZD and identified an alternative mechanism, which was supported by a number of studies using TZD *in vitro* and *in vivo* ([@b18-etm-0-0-6563],[@b24-etm-0-0-6563]).

The results revealed that SCD-1 concentration notably increased in the HFCD group compared with the control group. However, treatment with TZD increased its level significantly compared with HFCD group. The authors suggest that the ratio of SFA/USFF is an important factor in the effect of TZD. SCD-1 is associated with pioglitazone (TZD) administration in humans and a 2-fold elevation of SCD-1 mRNA and protein is observed in fat tissue ([@b24-etm-0-0-6563]). Pioglitazone also raised the level of SCD-1 *in vitro* ([@b24-etm-0-0-6563]). These changes suggest that PPARγ upregulation of SCD-1 resulted in elevated lipogenesis and strengthened adiponectin signaling. Further studies indicated that PPARγ agonists weaken palmitate-induced endoplasmic reticulum stress and apoptosis by SCD-1 generation ([@b80-etm-0-0-6563]--[@b82-etm-0-0-6563]). SCD-1 upregulation may lead to the lessening of cardiovascular disturbances through therapy with PPARγ agonists ([@b81-etm-0-0-6563]).

TZD significantly upregulated the activity of SDC-1, leading to the conversion of inert saturated palmitate into reactive monounsaturated acid, which consequently increased its ability to be incorporated in cell membrane phospholipids ([@b24-etm-0-0-6563],[@b81-etm-0-0-6563],[@b83-etm-0-0-6563]). In this respect, the degree of unsaturation in membrane phospholipids serves a vital role in numerous membrane functions and irregular incorporation of saturated phospholipids may lead to stiffening and loss function ([@b84-etm-0-0-6563]). In addition, the conversion increased the likelihood of fatty acid movement and its reaction with cholesterol to form cholesterol esters ([@b85-etm-0-0-6563]). These events prevent the formation of inert fat globules and mobilize the accumulated fat droplets in the liver compared with the HFCD group. In the TZD group, higher activity of SCD1 favor the MUSFA/SFA ratio. TZD raised the composition of delta 9-cis USFA as (C14:1) myristoleic acid, (C16:1) palmitoleic acid, (C18:1) oleic acid, and (C18:2) linoleic acid, however, TZD decreased the composition of SFA, (C14:0) myristic acid, (C16:0) palmitic acid and (C18:0) stearic acid. These changes resulted in the formation of phospholipids and the mobilization of TG from the accumulated fat in hepatosteatosis and fatty liver, however these findings require further research. Toyama *et al* ([@b26-etm-0-0-6563]) demonstrated that hepatic or serum SCD-1 activity and the mRNA level of SCD-1 were not altered by TZD treatment and no variations have been detected for the activity index of SCD-1 in cells treated with TZD ([@b86-etm-0-0-6563]). TZD may maintain the leptin level resulting in the activation and promotion of SCD-1.

In conclusion, HFCD induced-steatosis resulted in lipid metabolism disorders including hypertriglyceridemia and hypercholesterolemia, which are hormonally controlled by leptin and resistin. Enzymatic changes were also observed in the activity of SCD-1 and lipase. The administration of TZD served a beneficial role in lipid metabolism by normalizing the level of serum TG, TC, leptin and resistin by increasing the level of SCD-1 and suppressing LPL activity. TZD appeared to increase the lipogenesis of oleic USFA and thereby prevented the effect of hepatosteatosis.

The mechanism of action of TZD was inhibition of lipolysis (blood TG hydrolysis and FFA efflux), which occurred by the inhibition of LPL activity. This mechanism may present a pharmacological basis for using TZDs as a hepatosteatosis therapy. The results of the present study suggest that SCD-1 is an essential component in the control of fat metabolism and the clinical use of SCD-1 may be an effective therapy against hepatosteatosis and other constituents of metabolic syndrome, including diabetes and obesity.
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![Effect of normal diet or HFCD on rat body weight gain. \*P\<0.05 vs. normal group. HFCD, HFCD, high-fat, high-carbohydrate diet.](etm-16-04-2938-g00){#f1-etm-0-0-6563}

![Effect of normal diet, HFCD and HFCD+TZD on ALT as liver function biomarker. \*P\<0.05 vs. normal group. ^\#^P\<0.05 vs. HFCD group. HFCD, high-fat, high-carbohydrate diet; TZD, thiazolidinedione.](etm-16-04-2938-g01){#f2-etm-0-0-6563}

![Effect of normal diet, HFCD or HFCD+TZD on serum (A) TG, (B) TC, (C) LDL and (D) HDL levels. \*P\<0.05 vs. normal group. ^\#^P\<0.05 vs. HFCD group. HFCD, high-fat, high-carbohydrate diet; TZD, thiazolidinedione; TG, triglycerides; TC, total cholesterol; LDL, low-density lipoprotein.](etm-16-04-2938-g02){#f3-etm-0-0-6563}

![Effect of normal diet, HFCD and HFCD+TZD on (A) leptin and (B) resistin hormone in rats. \*P\<0.05 vs. normal group. ^\#^P\<0.05 vs. HFCD group. HFCD, high-fat, high-carbohydrate diet; TZD, thiazolidinedione.](etm-16-04-2938-g03){#f4-etm-0-0-6563}

![Histopathological examination of different treatment groups. Histopathological outcomes in the (A) normal, (B) HFCD and (C) HFCD+TZD treatment groups. The normal tissue samples (Aa) and (Ab) demonstrated characteristic histological configuration of ordinary hepatocytes, without inflammatory cells in the perivenular area. Several fat bubbles were observed among and inside the hepatocytes in the (Ba) and (Bb) HFCD liver tissue samples, which is associated with deteriorating alterations in the hepatocytes (magnification, ×100). The HFCD group had macrovesicular hepatosteatosis (large fat drops present in the hepatocytes, indicated by arrow a) and microvesicular steatosis (slight fat droplets in the hepatocytes, indicated with arrow b). Liver focal periportal inflammation (magnification, ×100) and accumulation (*cluster*) of inflammatory cells in the HFCD group indicated with arrow c. The hepatocytes appeared normalized and had a normal shape and minor lipid globules in the (Ca) and (Cb) HFCD+TZD liver tissue samples. HFCD, high-fat, high-carbohydrate diet; TZD, thiazolidinedione.](etm-16-04-2938-g04){#f5-etm-0-0-6563}

###### 

Effect of HFCD and TZD on liver function in rats.

  Marker                     Normal         HFCD                                                         HFCD+TZD
  -------------------------- -------------- ------------------------------------------------------------ ------------------------------------------------------------
  Albumin (g/dl)             3.12±0.20      2.99±1.98                                                    3.62±0.30
  Total proteins (g/dl)      8.41±0.70      8.39±0.60                                                    8.11±0.55
  Total bilirubin (mg/dl)    1.42±0.16      2.36±0.23^[a](#tfn1-etm-0-0-6563){ref-type="table-fn"}^      1.73±0.17^[b](#tfn2-etm-0-0-6563){ref-type="table-fn"}^
  Direct bilirubin (mg/dl)   0.79±0.09      2.08±0.10^[a](#tfn1-etm-0-0-6563){ref-type="table-fn"}^      1.51±0.13^[b](#tfn2-etm-0-0-6563){ref-type="table-fn"}^
  Lactate dehydrogenase      621.49±24.21   825.31±56.11^[a](#tfn1-etm-0-0-6563){ref-type="table-fn"}^   636.98±44.48^[b](#tfn2-etm-0-0-6563){ref-type="table-fn"}^

P\<0.05 vs. the normal group.

P\<0.05 vs. the HFCD group. The data are presented as the mean ± standard error of the mean. The different superscript letters indicate a significant difference at P\>0.05. TZD, thiazolidinedione; HFCD, high-fat, high-carbohydrate diet.

###### 

Hepatosteatosis score in the differently treated groups of rats.

  Hepatosteatosis score (%)^[a](#tfn3-etm-0-0-6563){ref-type="table-fn"}^   Normal (%)   HFCD (%)   HFCD+TZD (%)
  ------------------------------------------------------------------------- ------------ ---------- --------------
  0 (≤5)                                                                    85           0          60
  1 (6--33)                                                                 10           65         35
  2 (34--66)                                                                5            30         5
  3 (≥67)                                                                   0            5          0

Indicates the percentage area affected in the inspected hepatic slides. TZD, thiazolidinedione; HFCD, high-fat, high-carbohydrate diet.

###### 

Effect of HFCD and TZD on lipid metabolic enzymes in the differently treated groups of rats.

  Enzyme                             Normal       HFCD         HFCD+TZD
  ---------------------------------- ------------ ------------ -------------------------------------------------------------------------------------------------------
  Stearoyl-CoA desaturase (ng/ml)    9.0±1.40     12.0±1.39    18.0±1.90^[a](#tfn4-etm-0-0-6563){ref-type="table-fn"},[b](#tfn5-etm-0-0-6563){ref-type="table-fn"}^
  Lipoprotein lipase (nmol/min/ml)   39.14±3.80   49.61±9.60   24.50±2.70^[a](#tfn4-etm-0-0-6563){ref-type="table-fn"},[b](#tfn5-etm-0-0-6563){ref-type="table-fn"}^

P\<0.05 vs. the normal group.

P\<0.05 vs. the HFCD group. The data are presented as the mean ± standard error of the mean. TZD, thiazolidinedione; HFCD, high-fat, high-carbohydrate diet.
